The present work discusses the challenges associated with the drilling activities in oil wells through formations affected by the presence of salt domes. These geological structures can induce large stresses in the underlying and adjacent formations, requiring the development of specific planning for drilling and maintenance of such oil wells. During drilling, due to the presence of salt, numerous reports of problems such as stuck pipe, salt dissolution, forming mechanical stops and caves arise. More specific difficulties can occur in formations around a salt dome, related to the changes in the stress field, which include problems of well instability and abnormality of pressure zones. After casing, issues involving collapsing casestructures can take place. To prevent and mitigate risks associated to this activity, it is crucial to understand the physical phenomena behind it. With such finality, the present work studies problems related to such physical mechanisms, for instance, hydrodynamic instability, more specifically, the Rayleigh-Taylor (RT) instability. This study led to the development of an analytical model to predict salt dome formation. It discusses the ways in which it can interfere positively in parameters related to the drilling activity as, for example, the tension field in the formation around the salt dome.
INTRODUCTION
Salt formations are of great importance to the petroleum industry. The relevance of these saline formations reside in their low permeability and large deformation capability characteristics. These qualities allow them to form great structural oil traps and, consequently, associated to the formation of good oil reservoirs. However, these same characteristics which make great retaining evaporitic rocks may also present big challenges related to exploration activity in their vicinity. Evaporite rocks present great mobility when submitted to large deviatoric tensions and elevated temperatures, in a behavior known as creep. During the drilling phase, numerous reports of problems occur. These issues involve well closing, drill column entrapment and the creation of mechanical stops, and caves by salt dissolution by drilling fluid. From a long-term viewpoint, when buried, evaporite rocks keep their density nearly constant but, with the increase in overburden stress and temperature, the salts start to creep.
Because the upper formation tends to present higher densities than the salt formations, this creep behavior leads to the phenomenon of inversion of fluids, governed by the RT hydrodynamic instability mechanism. The salt tends to pierce the adjacent layers creating structures known as salt domes.
According to Jackson's study (Jackson et al., 1995) the evolution of salt tectonic models can be separated into three ages. The age of pioneer works, that was started in 1856 with the Ville publication. In this age, the works relied, basically, on field results obtained in North Africa and North of Persian Gulf. Stille (1925) had proposed a model in which the salt, due to its mobility, only molded to shapes imposed by other structures. Barton (1933) argued that the growth of a diapir occurs due to subsidence of embasement; the salt, thus, remains only near the surface. This model was named downbuilding. These works considered that the evolution of a diapir occurs in a passive way, since the salt does not exert influence over the formation around it.
The age of fluid model, according to Mohriak and Szatmari (2008) , is marked by the predominance of concepts that link the diapirs with salt creep, when the later is under great geostatic pressures. They present a behavior that is similar to the one of a lighter fluid when immersed in a heavier fluid. The overburden stress and the changes in density and viscosity between salt and other rocks were the main factors causing the diapirism. Such model is called active diapirism, because it considers that a diapir is formed by the buoyancy force only, deforming and breaking formations above, as shown in Figure 1 .
Biot and Odé (1965)
had developed an analytical model to determine the growth rate of a salt dome in its early stage. In this work, these authors even consider effects like compaction and mass redistribution over the free surface.
The third age, the age of extensional tectonics, has it start point with the publications of Vendeville and Jackson (1992). The authors considered that diapirs grow in thin-skinned regions, where faults caused by extensional efforts are present. Considering that the buoyancy force by itself would not be sufficient to cause deformation and fracture in the over layer of brittle rocks, it would prevent the growth of a diapir. In that sense, salt would occupy the spaces left by the Therefore, this work is based on the premise that there is a consensus involving the formation of a diapir, in a direct or indirect way, and the buoyancy force due to density contrasts between the evaporitic rock and sediments above. An important mechanism that guides the diapir evolution is, therefore, strongly related to the hydrodynamic instability, specifically, the one which was described by Rayleigh (1883) and Taylor (1950) .
In this present work, an analytical model is developed to predict the stress induced by the salt piercement in the formation surrounding a diaper. It will also discuss the influence of salt piercement in well-drilling activity.
METHODS
This work started on the premise that both salt rocks and sedimentary rocks above the salt, behave, in a geological time scale, as fluids flowing. Therefore, one can use an analytical model of fluid flow, in quasi-static regime, within hydrodynamic instability theory, to determine the velocity field of the salt layer. This starting point also allows one to verify the stress field in the region of separation from the pallets immediately above. From the stress field induced by the salt piercing, it is possible to estimate parameters like pore pressure, fracture gradient, and principal directions, to assist in the decision-making process.
As an example, the obtained equation was applied in a Campos Basin case. In the case in exam several kicks happened during drilling near a salt dome. This particular case occurred in a 200m water depth.
Analytical model of a salt dome temporal evolution
For long time periods, the layers of sediments under deviatoric stress may be considered like newtonian fluids, flowing slowly. In this sense, it is possible to apply a newtonian fluid model to describe the tension field.
The Navier-Stokes equations were used for a system under quasi-static conditions, with velocities components u 1 , u 2 , and u 3 . Where the inertial effects are neglected
, assuming the form:
Where,
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p is the pressure; g is the gravity;  is the fluid density; and  its viscosity.
In the bi dimensional case 
Differentiating the first equation with respect to z and the second with respect to x:
Where the function P is continuous, one has from Clairau theorem that
, adding the Equations (3) the bi harmonic equation it can be found:  , in an arrange of vertical strata, as shown in Figure 2 , where h is the thickness of each layer, and based on linear hydrodynamic instability theory, one could develop a mathematical model for the temporal evolution of small harmonic perturbations to this system.
Two layers of same thickness
In this case, the bi harmonic equation has the following solution:
The development to obtain the Equation 5 may be found in Turcotte and Schumbert (1982). A similar model, but more comprehensive, was developed by Biot (1963a) and Biot (1963b).
The parameter k, the wave number of the perturbation, and the phase ϕ 0 are determined by the boundary conditions of the problem, as the constants A, B, C, and D, but these ones present time dependence, since they represent the amplitude of the perturbation.
The stream function describes the streamlines of fluid flow, in this case the streamlines of salt layer and, consequently, the streamlines of sediments on the separation interface between both of them. The constants of integration may be found using appropriated boundary conditions. Being 12 and  the stream functions for the sediments and for the salt layer respectively, then the boundary conditions to be imposed are:
1. Continuity conditions at the separation surface, i.e., the velocity components of both fluids must be equal at z=0. So, 3. Shear stress must be continuous across the interface between the fluid layers which implies
4. The buoyancy force per unit area at the surface between the fluids, due to displacement,  , must be balanced only by the pressure difference
Applying these boundary conditions, one may find the final forms for the stream functions ψ 1 and ψ 2 . These functions will describe, at the separation surface (z=0), the surface form
because the ascent speed in any point of this surface must be equal to the time rate change of the surface, so it can be written:
Which determines the vertical growth rate of a diapir in any point x. The solution of the differential equation above can be easily evaluated by variable separation and has the form:
Where: 
Considering ρ 2 = 2,200 kg/m 3 e μ 2 = 10 17 Pa.s as, respectively, the density and the viscosity of a salt layer, one could analyze how the parameters affect the stability problem. The Table 1 summarizes some results. Table 1 shows that the critical time is strongly affected by the overburden stress, proportional to the high h, and that higher the overburden stress is, faster the instability grows. About the relation between viscosities one can see a clear dependence between the growth time and the viscosity contrast, μ 1 /μ 2 .The higher the viscosity μ 1 of the upper strata is, the higher the critical time will be, i.e., an example is the instability which rises slowly. 
Stress field
are the shear stress at the point,and:
is the normal tension oriented in the vertical direction, called effective tension of rock matrix (Fertil, 1981) . Such tension, considering a static system, must be equal to the difference between the pore pressure and the overburden stress,
which is the sum of pressure exerted by the weight of sediments and the interstitial fluid (Figure 4) , i.e.:
sediment weight water weight area
This equation was proposed by Therzaghi (1925) for unconsolidated soils. Later, it was translated into English (Therzaghi, 1943), and generalized by Biot (1941) for application on rocks:
Where f p is the formation pore pressure, Figure 4 . Scheme of the stress distribution into the bulk. Here, to achieve the force equilibrium, in the vertical direction, the overburden stress σ ob must has the same intensity that the sum of the pore pressure p f and the vertical effective stress σ zz in the matrix rock. In the horizontal direction, the horizontal stress σ H has the same intensity as the sum of pore pressure and horizontal effective stress σ xx . The overburden stress depends on formation density, which varies in function of porosity:  is the initial porosity and K  the decay porosity constant for a specific case. In an offshore environment, it implies:
Where D is the final depth, 
is the normal horizontal tension in the rock matrix. 
Where the stress tensor (Eq. 10) could be written in the form:
RESULTS AND DISCUSSIONS
With constant stream function and the growth time it is possible to estimate the velocity fields and the stress in the interface of strata using the tensor shown in Equation 23. However, it is necessary, first, to make some considerations with the intention of adjusting the initial form of the interface surface It is noteworthy that, according to Drazin (2002), the interval time defined by a  specifies the limit to the linear approximation made in the hydrodynamic instability theory. Whereas, for time intervals with magnitude greater than that a nonlinear analysis is necessary because the order terms can no longer be neglected due to the great deformations imposed to the fluid, in this case, the salt. cm/years, it would be necessary a 6.5 million-year period for the instability to begin. Whereas the sediment layer has been deposited in the upper Albian, one can define t F = 10Ma -6.5Ma = 93.5Ma as the development time for the salt dome. The Figure 7 shows the velocity field, obtained with the stream function.
Writing the stress tensor (Eq. 23) and evaluating the stresses for points on the separation surface along the dome, one can obtain the following results: 
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 The vertical tension is equal to the difference between the overburden stress and the pore pressure ( Figure 8 ).
 Shear stresses are induced by the salt piercing into the formation above (Figures 9 and 10) . The model predicts, for the parameters adopted, shear stresses up to 150kPa in regions near to the top of the salt dome.
 Due to shear stress, it becomes evident that the components of the tensor T , written for a coordinate system whose z axis coincides with the vertical direction, no longer represent the principal direction. To find new directions, simply determine the eigenvalues (maximum normal stresses 
Pore pressure effects
In a normal situation, the pore pressure gradient p f /D will follow, approximately, the water pressure gradient, then:
So, The hydrostatic pressure is affected by some factor such as the salt concentration, the gas dissolution, and the temperature gradients. Typical values of hydrostatic gradient are 0.433 psi/ft for fresh water and 0.465 psi/ft for salt water (Fertil, 1981) . If there is a restriction to the flow of the interstitial fluid through the rock pores, it could be followed by a pore pressure buildup and, consequently, one would observe a subcompation region.
It is fundamental to observe that in normal situations the vertical direction is considered one of the principal directions of tension field in a rock formation, being zz  one of the principal tensions, but, eventually, this could not occur. Factors like diapirism may be interfere in the tension field and change such directions. To find the principal directions at any point ( 12 and ee  ), it is necessary to promote an axis rotation. To perform this turn, find the eigenvector of the stress tensor. This situation is shown in Figures 12 and 13 .
It is possible to estimate the pore pressure increase due to the dome piercing by determining the great normal tension With the increase in the pore pressure there will be risks of eventual kicks during the well drilling phase.
Effects over the casing setting
One of the criteria to settle the casing is the operational window, i.e., the difference between the pore pressure or the collapse pressure (whichever was larger) and the fracture tension. To drill safely it is necessary to protect formation areas, regions where the operation window is reduced, to keep the well stability, to avoid lost circulation, landslides, or hydraulic fractures.
The fracture stress will be defined by any particular criterion. Among the criteria used, the Mohr-Coulomb criterion is one of the most widely used in petroleum industry. This criterion defines the failure stress state through the tangent line of the Mohr circles for which a rock sample has shown failure in a previous test (Figure 15 ). 
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The Equation 32 defines the Morh circles:
Where the stress state depends of principal stress 12 an d  applied over the body.
Nowadays, it is believed that the in situ stress is one of the principal causes of well instability. In the case that a well is drilled in an unfavorable direction, imposing great stress in its walls, there are great chances of the well becoming unstable. Considering the need for stability, whenever exists great in situ stress perturbations, such as the case discussed in this work, it is advisable to proceed with a directional drilling.
Effects over casing
With the raise of the diaper, slip of materials occurs to the center of the salt dome. If the well has been drilled through, a salt formation it will be under deviatoric stresses due to this movement.
As pointed out in the sensitivity analysis shown in Table 1 , the lower viscosity of the upper layer is if compared to the bottom layer, the faster the growth of instability will be. If the existent layers have different mobilities, i.e. the layers have different viscosities, a differential slipping of such layers could happen. It amplifies the shear stress over the casing, causing a guillotine effect, which may lead to a casing collapse.
CONCLUSIONS
Analytical models are very important because they improve the comprehension about the physical mechanisms that control the phenomenon of a salt dome evolution. The models enable, as a quick form, ones to estimate several important parameters in the drilling and completion of an oil well process. It also provides the best approximations for initial values in numerical simulations, accelerating the convergence. However, to reach a better precision in the results, it is necessary to use numerical methods, because the analysis becomes very difficult due to the great level of detail necessary to evaluate the flow pattern and stresses field that are useful and trustful. As shown in the determination of shear stress, the highest value reached had a magnitude of 5 1.7 10 24.65 Pa psi  , insufficient to justify greats differences between the principal directions and the vertical direction observed near the salt domes. The present model determined, for points near the salt dome, almost the same values for the vertical stress and principal stress, taking into account that, in this region, a great difference in values is expected because of the influence of the diapir. However, based on this model it became possible to develop another model, more comprehensive and representative.
This model considers only the linear phase of RT instability and, therefore, can describe the growth of a diapir only in the initial stage. This is relevant because, in the course of time, other instabilities as, for example, the Kelvin-Helmholtz exhibit an important role over the final format of the dome and, notwithstanding, nonlinearities should be considered. Fault-effects and redistribution of sediments over the free surface above the sediment layer, as well as differential overburden, should be looked upon, according to Schultz-ela et al. 
